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There are challenges in understanding the relative 
importance of tides and inertia, and ocean eddies and 
narrow currents on surface fluxes in polar seas.

There is a need for suitable metrics to understand and 
compare models and observations that include these 
things things, and rheologies suitable for eddy resolving 
scales.
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An	  a%empt	  to	  clarify	  some	  thoughts	  on	  sea	  ice	  embedding

1)	  Can	  exisDng	  fully	  coupled	  models	  simulate	  inerDal	  
oscillaDons?

2)	  What	  is	  the	  impact	  allowing	  mass	  transfer	  between	  sea	  
ice	  and	  the	  ocean?

3)	  How	  to	  account	  for	  penetraDon	  of	  sea	  ice	  into	  the	  OBL?
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Large-Scale Ice and Ocean Dynamics
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A legacy from IPY 2007-2009
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Heil & Hibler (2002)

JWACS 2006-2009

SEDNA 2007-2009
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Large-Scale Ice and Ocean Dynamics:  Some background

A clear signature of tides and inertia in sea ice drift
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slab embedding
Hibler et al. (2006)

z*-coordinate embedding
Campin et al. (2008)
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Some ways of understanding inertial oscillations

A framework for testing the influence of z* coordinates on sea ice drift



A slab-embedded ice-tide model

slab embedding
Hibler et al. (2006)
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LTI System

Non-linear damped forced harmonic oscillator

•Linear tidal model
•Surface planetary boundary layer
•Frictionless bottom
•No momentum advection
•Run as “flat-plate” experiments



Deformation for periods of 17 hours or less - M2 tide

Earlier results: Slab boundary layer testbed 



Deformation for periods of 17 hours or less - No M2 tide

Earlier results: Slab boundary layer testbed 



Deformation for periods of 17 hours or less - M2 tide

Earlier results: Slab boundary layer testbed 



Inertial oscillations in sea ice are a non-stationary process

Developing a suitable drift metric
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Figure 3. (Top) Rotary spectra (red line is for clockwise component of rotation and blue line 

is for counterclockwise component) of depth-averaged ADCP currents within the upper 50 m 

layer at the mooring M1c (78°26'N, 125°40'E) in 2004-05. (Bottom) Rotary spectra for the 

semi-diurnal frequency band for the period of compact ice conditions (September 2004 - 

August 2005, left) and for the ice-free period (August-September 2005, right). Horizontal 

black lines show the 95% confidence interval. Vertical dashed lines show the inertial 

frequency.  
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Figure 1. Location of M1 mooring (78°26'N, 125°40'E) in 2004-05 and 2005-06 (left panel) 

and mooring schematic (right panel). NO denotes Novosibirskiye Islands; SZ denotes 

Severnaya Zemlya. Arrows at the right panel show depth ranges of ADCP measurements in 

2004-05 and 2005-06. Insert in the left panel shows potential density distribution in the upper 

75m layer at M1 mooring in January (red) and August (blue) derived from PHC climatology 

(Steele et al., 2001).  

Pnyushkov, A. V., and I. V. Polyakov, 2011: Observations of tidally-induced currents over the continental 
slope of the Laptev Sea, Arctic Ocean. J. Phys. Oceanogr., 110804064334004.

Tidal oscillations in the presence of sea ice are a non-stationary process



The Regional Arctic System Model (RASM)

RASM development team: Wieslaw Maslowski, Michael Brunke, John Cassano, Jaclyn Clement-
Kinney, Anthony Craig, Alice DuVivier, Brandon Fisel, Jeremy Fyke, Justin Glisan, William Gutowski, 
Saffia Hossainzadeh, Mimi Hughes, Dennis Lettenmaier, William Lipscomb, Bart Nijssen, Robert 
Osinski, David Porter, Andrew Roberts, William Robertson, Slawek Tulaczyk, Xubin Zeng

Large-Scale Ice and Ocean Dynamics:  Regional modeling testbed



RASM Model/Code Configuration

Atmosphere WRF 50km, 35 levels, dt=2.5mins

Land Hydrology VIC 50km, dt=20mins

Ocean POP 9km, 45 levels, dt=8/8/4mins

Sea Ice CICE 9km, 5cats, dt=20mins

Greenland Ice CISM Implementation in progress

Coupler CPL7 20min coupling (2.5 min trials)

hrRASM Eddy Resolving

Ocean POP 2.3km

Sea Ice CICE 2.3km

Large-Scale Ice and Ocean Dynamics:  Regional modeling testbed



Large-Scale Ice and Ocean Dynamics:  Regional modeling testbed

•Suitable	  resoluDon	  and	  runDme	  for	  Ddes	  and	  eddies
•Fully	  coupled	  atmosphere	  with	  ‘internal	  arcDc	  variability’
•Model	  Dme	  corresponds	  with	  real	  ‘climate	  Dme’

•Scope	  for	  coordinated	  regional	  and	  global	  experiments

Some important reasons for using the CESM 
framework in a regional setting



Regional model testbed: Basics of RASM



Ice-Ocean Coupling
Atmospheric State

Regional model testbed:  The inertia example



Regional model testbed:  The inertia example



Beaufort Sea Sep-Dec 2006

From rotary wavelet reconstructions of the clockwise signal 1.5-2.5 cycles/day

Nansen Basin 1996

Regional model testbed:  The inertia example

Developing a suitable drift metric



Regional model testbed:  The inertia example

Low ice velocity and resonance 



Regional model testbed:  Some diagnostics

A framework for testing the influence of z* coordinates on sea ice drift



Regional model testbed:  Some diagnostics

A framework for testing the influence of z* coordinates on sea ice drift



Beaufort Sea Sep-Dec 2006 Nansen Basin 1996

RASM drift power

Regional model testbed:  The inertia example



Phase space Sept-Dec 2006, 0 ≤ ω j
2π ≤1.5

Regional model testbed:  The inertia example

Developing a suitable drift metric



A wavelet approach to drift metrics



A wavelet approach to drift metrics



A wavelet approach to drift metrics



A wavelet approach to drift metrics



Conclusion: Metric Score Card

Method Variability Skill Uncertainty
[observations]

Uncertainty
[simulation]

Fourier PSD ✘ ✘ ☐ ☐

Rotary wavelet power ✔ ☐ ✘ ✘

Rotary wavelet filter ✔ ☐ ✘ ✘

Rotary wavelet Taylor Diag ✔ ✔ ✔ ✔
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into floes separated by leads. The shape of the floes is deter-
mined by slip lines, which form along those directions where
the ice cover most easily fails under a compressive stress. The
second stage describes the main period of deformation, and in-
volves the granular motion and mechanical interactions of the
ice floes and will be considered here as the process determining
the mean sea ice stress. In terms of stress evolution, the local
failure stress during the first stage determines rapid changes in
the stress magnitude superimposed on a more gradual stress evo-
lution due to the second stage [12]. The sea ice fracture during
the first stage determines new floe formation delineated by the
new fracture paths, and therefore we shall account for its effect
in determining the evolution of ice floe orientation.

Floe motion is accompanied by lead opening under local di-
vergence, sliding of floes past each other, and ridging at the floe
edges under local convergence. Ridging involves the ice failing
in buckling to form blocks that are piled up to form ridges above
and below the ocean surface. The sea ice stress involved in ridg-
ing is determined by the work necessary to move a train of ice
blocks along the ridge surface perpendicular to the floe edge
against friction and the work required to create gravitational po-
tential energy [9]. When floes slide past each other, the stress
is determined by friction between the floe edges in a parallel
motion. As the frictional stress is assumed to be independent of
the rate of deformation, the cumulative sea ice stress is therefore
assumed to be independent of strain rate magnitude. Since the
frictional work is also irreversible, sea ice rheological behaviour
is assumed to be plastic.

2. The sea ice stress

In developing a simplified model of sea ice stress, we consider
an idealised sea ice cover consisting of closely interlocking,
similar, regular diamond-shaped ice floes, Fig. 1. This situation
resembles images of the sea ice cover derived from satellites,
e.g. Fig. 23 in [14]. In order to determine the stress arising in sea
ice motion, we consider a simple kinematic model of relative
ice floe movement proposed by [18]. This model relates the
relative motion of adjacent sea ice floes to the large-scale rate
of deformation of the sea ice cover. Despite the simplicity of
the kinematic model, a comparison of the sliding and ridging
energies produced by it and the more sophisticated dynamic
model of [8] showed a strong correspondence [22].

Consider Fig. 1 in which the reference ice floe is treated as be-
ing immobile. The orientation of a floe is defined by the unit vec-
tor along its main diagonal r. If the vector connecting the centres
of two ice floes is Lτ2, where is L is the edge length, then accord-
ing to [18], the relative velocity between the floes isv = Lτ2 · D,
where D = {dij} is the strain rate tensor, and the dot denotes a
scalar product. Following Moritz and Ukita [10], we neglect any
spin of the ice floes. The projection of the relative ice floe ve-
locity onto the normal n1 across their mutual edge is given by
Lτ2 · D · n1. A negative value of this product determines over-
riding of ice floes and, therefore, ridging at the corresponding
edge. The ridging force is directed opposite to n1 and its value
per unit length is assumed to be a rate-independent function of
ice thickness Fr(h), where h is the floe thickness normalised by

Fig. 1. Geometry of interlocking diamond-shaped floes.

1m. The whole ridging force exerted by the adjacent ice floes
shown by τ2 is −FrLHe(−D : n1τ2)n1, where He is the Heavi-
side function, such that He(x) = 1, ∀x ≥ 0; He(x) = 0, ∀x < 0,
and the absence of an operator sign denotes a dyadic product.
The ridging force arising at the edge along τ1 is similarly given
by −FrLHe(−D : n2τ1)n2.

Sliding friction between the edges of adjacent floes occurs
only when there is no opening along this edge. The sliding force
is directed along the edge, given by the vector τ1, and its mag-
nitude per unit length, Fs(h), is assumed not to depend on the
sliding rate (the particular forms of Fr and Fs are discussed in
Section 4). According to [18], the relative ice-floe velocity pro-
jection onto the tangential vector τ1 is given by Lτ2 · D · τ1,
so that its orientation, along or opposite to τ1, is determined
by sgn(D : τ2τ1). The sliding frictional force due to the mo-
tion at the ice floe edge along τ1 is then given by FsL sgn(D :
τ2τ1)He(−D : τ2n1)τ1. The sliding force at the edge along τ2
is similarly given by FsL sgn(D : τ2τ1)He(−D : τ1n2)τ2. Note
that when there is no relative motion between the ice floes, the
stress is generally undetermined, unless a non-plastic deforma-
tion of the floes is considered. In this case, we will assume that
the stress is still determined by ridging.

The cumulative traction acting through the edge given by τ1
can then be found as

F1 = −FrHe(−D : n1τ2)n1

+Fs sgn(D : τ2τ1)He(−D : τ2n1)τ1, (1)

while the traction per unit length through the edge given by τ2
becomes

F2 = −FrHe(−D : n2τ1)n2

+ Fs sgn(D : τ2τ1)He(−D : τ1n2)τ2. (2)

The tractions coming from the opposite edges are given by a
negation of these expressions.

In order to determine the sea ice stress tensor, we write a force
balance on a triangle delineated by an arbitrarily inclined line
with the normal n and the linked ice floe edges directed along
τ1 and τ2 that make an angle 2φ, see Fig. 2. The edge lengths

Wilchinsky, A. V., and D. L. Feltham, 2006: Modelling the rheology of sea ice as a collection 
of diamond-shaped floes. J Non-Newton Fluid, 138, 22-32.

- “Diamond Rheology”: Michael Tsamados and Daniel Feltham

- Elastic-Decohesive Rheology - Following Shreyer, Sulsky et al.

whereby ridges are formed. This is the topic of the next
section.

5. Closure and Shear of a Frozen Lead
5.1. Initial Condition

[81] The situation being considered is one where a lead
has been formed, the lead has opened a distance, uL, and ice
motion has henceforth ceased allowing for new ice to be
formed within the lead to a depth hf. For the purpose of this
study, the details of freezing including freezing rate are not
considered. An idealized sketch of the geometry of the lead
is shown in Figure 13a.
[82] If external forces cause the lead to close, the fresh ice

may split in uniaxial compression, buckle, and break into
segments that slide over and under each other to eventually
form a thick conglomerate of blocks of ice called a ridge.
The ridge consists of an observable feature, the sail, and a
much larger segment underneath, the keel, as represented by
the sketch of Figure 13b. The details of the shape of the
ridge will also not be considered except to note that the total
quantity of fresh ice per unit length of lead is approximately
equal to the product of the width of the lead, uL, and the
depth of new or fresh ice, hf.
[83] With time, this ridge of ice blocks will freeze and

fuse together. Since a parallel set of independent leads is
rarely, if ever, observed, it is reasonable to assume that the
fused ice within a lead will not be as strong in tension and
shear as the adjacent pack ice during the first year. The
representation of the ridge as a line of weakened material
was the motivation for considering a ‘‘preexisting partial
fracture’’ in section 4.5.
[84] An appropriate value for the tensile strength of a

ridge is difficult to estimate. If the ridge is actively moving
by opening, closing or shearing, the tensile strength will be
zero. Only if a ridge is inactive for some time can a tensile
strength develop. The object of this section is to provide an
addition to the discrete constitutive model that will represent
in an approximate manner the compressive stress that arises
when a frozen lead closes.

5.2. Compressive Stress With Closure of a Lead

5.2.1. Observed Features
[85] Once a lead of width uL has formed, it is convenient

to define a dimensionless parameter, uc, as follows:

uc ¼ 1" un½ $
uL

0 % uc % 1 ð52Þ

When the lead has formed and is stationary, then the initial
value of this parameter is uc = 0. As the lead closes, uc
increases. Complete closure is identified with uc = 1 which
represents an idealized condition that can only be attained if
no fresh ice is formed.
[86] Both experimental data and simulations based on

discrete elements [Hopkins, 1998] suggest that the closure
force is rather jagged as represented symbolically by the
dotted line in Figure 14. Initially, a rather large stress is
necessary to start closure and this is thought to be analogous
to a buckling stress. Because ice is brittle, once buckling
begins, a portion of the ice breaks into segments. Subse-
quently, these segments ride over and under the remaining
freshly frozen ice and cause further segments to break off
and pile up, as reflected by the subsequent peaks and drops
in stress with the peaks substantially smaller than the initial
one. Ultimately, a ridge is formed at a level of stress that
must be less than the failure stress in uniaxial compression,
f 0c, since a new lead orthogonal to the first is rarely
observed.
[87] It is customary to approximate the observed closing

stress as a function of closing displacement with a smooth

Figure 12. Constitutive prediction of crack opening for tnf = 20 kPa and f 0c = 100 kPa.

Figure 13. Idealized geometry of a frozen lead with
subsequent ridge formation.
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Schreyer, H. L., D. L. Sulsky, L. B. Munday, M. D. Coon, and R. Kwok, 2006: Elastic-
decohesive constitutive model for sea ice. J Geophys Res-Oceans, 111

Large-Scale Ice and Ocean Dynamics:  Testing new rheologies



Large-Scale Ice and Ocean Dynamics: Opening to a discussion

•Can	  we	  simulate	  inerDal	  oscillaDons?

•A	  plan	  for	  complementary	  regional	  and	  global	  modeling	  
towards	  quanDfying	  the	  relaDve	  importance	  of	  Ddes,	  
inerDa,	  eddies,	  rheology	  as	  against	  other	  factors?

•Aside	  from	  these	  topics,	  what	  other	  factors	  are	  seen	  as	  
being	  important	  for	  large-‐scale	  ice	  and	  ocean	  dynamics	  
and	  their	  influence	  on	  boundary	  layer	  processes?


